The retention behavior and mechanism of methyl, ethyl, propyl, isopropyl, buthyl and isobuthyl benzoates have been studied at different eluent compositions of aqueous mixtures with water-soluble organic solvents (methanol, ethanol, 1-propanol, 2-propanol, acetonitrile (AN), 1,4-dioxane and tetrahydrofuran (THF)) in RPLC. The retention of the solutes is discussed based on the solvent composition, solvent polarity (ET N value), preferential solvation, hydrogen bonding and solvent clusters of the eluents. The smaller ET N values and the larger preferential solvation of the mixed solvent eluted the solutes faster. The IR spectra of HDO suggested that the solvents, except for methanol and ethanol, break the hydrogen bonding between water molecules, resulting in fast elution of the solutes. Based upon the results, we chose an optimum solvent composition for the separation of benzoates and applied it to the determination of the benzoates in clove.
Introduction
RPLC is most widely utilized for the separation of solutes in samples. In order to clarify the elution mechanism of solutes in RPLC, physicochemical studies of solvents have recently been made. For example, there is a paper that compares the thermodynamic parameters of aqueous mixtures of methanol with that of acetonitrile (AN). 1 There are also some papers that discuss the solvent properties (i.e., ET N value, which is an indicator of the acceptability of solvents) of an AN-water mixture for the elution behavior of RPLC. 2 Others explain the elution behavior of solutes by solvent structures in mixtures of water and soluble organic solvents. [3] [4] [5] The elution of solutes in RPLC is affected by the solvent polarities, the hydrogen bonding of solvents and solvent structures, etc. Especially, the role of water in a mixed solvent is very important, because water has a high polarity and forms strong hydrogen bonding.
In this study, the solvent polarity (ET N value) of mixed solvents, preferential solvation, hydrogen bonding of water and solvent clusters of the eluents were emphasized in order to clarify the solvent effects of the mobile phase on the separation of benzoates in RPLC.
Benzoates are one of the perfume components that are included in fruits and flowers, and can also be artificially synthesized. Therefore, they have been added to foods and cosmetics, etc. for perfumes and antiseptics. However, they are toxic when used too much. Therefore, benzoates in clove were analyzed to understand their kinds and concentrations under the optimum solvent composition determined in this study.
Experimental

Materials
Methyl benzoate (MB), ethyl benzoate (EB), propyl benzoate (PB), isopropyl benzoate (IpB) and butyl benzoate (BB) were analytical-grade reagents, and isobutyl benzoate (IbB) was reagent grade. The organic solvents (methanol, ethanol, 1-propanol, 2-propanol, AN, 1,4-dioxane and tetrahydrofuran (THF)) were HPLC-grade reagents (Wako Pure Chemical Co., Osaka, Japan). Sample solutions of benzoates (10 -3 mol dm -3 ) were prepared by dissolving them in each pure water-soluble organic solvent used as eluent for RPLC. 2,6-Diphenyl-4-(2,4,6-triphenylpyridinio) phenolate (DTP) was purchased from Tokyo Kasei Kogyou Co., Ltd. (Tokyo, Japan). Water was purified by an EASY Pure RF (Barnstead, IA, USA) with ultra filters after distillation and ion-exchange of tap water by an Autostill WA53 (Yamato Scientific Co., Tokyo, Japan).
HPLC
The HPLC system consisted of a Waters-600 controller, -600 pump and -2487 UV detector (Waters, MA, USA). The column was a Capcell Pak C18 UG120 (4.6 × 250 mm; Shiseido Co. Ltd., Tokyo, Japan), and the column temperature was controlled by a U-620 type 30 controller (Sugai Chem. Co. Ltd., Wakayama, Japan). RPLC analysis was carried out under the following conditions: 40˚C (column temperature), 1.0 cm 3 min -1 (flow rate) and 10 µ dm 3 (injection volume); the mixture was composed of water and a water-soluble organic solvent (eluent) and 272 nm (UV detector). The hold-up time (t0) was established for every mobile-phase composition using sodium nitrite 6 (10 -3 mol dm -3 in water). The retention times and the retention factors of NaNO2 and alkyl benzoates were determined from three different injections at each mobile-phase composition.
The relative standard deviations in each 
IR
The mixed solvents for IR measurement were prepared by mixing water-soluble organic solvents and water containing 10% heavy water (D2O). The sample solutions were kept in a cell made of CaF2, and their IR spectra were measured in the range of 900 to 4000 cm -1 at room temperature (25˚C) on a Fourier-transform IR spectrophotometer (SPECTRUM 2000, Perkin Elmer, MA, USA).
Measurement of ET N values
ET(30) value is known as a solvent polarity parameter based on π-π* charge transfer at the wavelength of the maximum absorption band of DTP (dye No. 30). 7 The ET ( ) and TMS (128 kJ mol -1 ), respectively. 7 The UV visible absorption spectra of samples were measured at room temperature on a UV visible spectrophotometer (2200A, Shimadzu Co., Kyoto, Japan).
Analysis of benzoates in clove
Clove, known as a kind of spice, was purchased from S & B Foods Inc. (Tokyo, Japan). A 100-mg volume of ground clove was weighed and transferred into a 10 cm 3 volumetric flask. A 8-cm 3 volume of methanol or AN was added to the flask, and benzoates in clove were extracted into methanol or AN under ultrasonic vibration for 1 h. The solution was passed through a hydrophilic membrane filter of 0.45 µm. The filtrate was collected into a 10 cm 3 volumetric flask and then filled up to the mark with methanol or AN. The RPLC conditions (column temperature, flow rate and injection volume) were the same as that described above (HPLC), except for the solvent composition in the ratio of 60:40% (v/v) methanol-water or 50:50% (v/v) AN-water.
Results and Discussion
Effects of solvents on the elution of benzoates in RPLC
Mixtures of water and water-soluble organic solvents were used as eluting solvents for the elution of six kinds of benzoates by RPLC. The composition ratio in volume percents (%, v/v) of organic solvents and water in the mixtures were varied from 50:50 to 90:10 for methanol, 40:60 to 70:30 for ethanol and 1,4-dioxane, 25:75 to 50:50 for 1-propanol, 30:70 to 50:50 for 2-propanol, 40:60 to 80:20 for AN and 30:70 to 45:55 for THF, respectively. Figure 1 shows typical chromatograms of benzoates obtained for aqueous solutions of (a) methanol, (b) AN and (c) 1-propanol. Six benzoates were quickly eluted in the order of MB, EB, IpB, PB, IbB and BB. The retention time was shortened along with an increase in the volume ratio of the organic solvent, but the solutes were not separated well at high volume ratios of organic solvents. Moreover, the retention of solute was largely affected by the nature of the organic solvents.
The retention factor (ln k) for BB retained most strongly is plotted against the mole fraction (Xorg) of water-soluble organic solvents in Fig. 2 . ln k largely decreases with a small increase in the mole fractions of 1-propanol, 2-propanol and THF. However, ln k gradually decreases for aqueous mixtures of methanol or AN. The mole fraction of an organic solvent at the same ln k (for example, ln k = 2) decreases in the order of methanol > AN > ethanol > 1,4-dioxane > THF = 2-propanol > 1-propanol.
Concerning alcohols, BB was strongly retained in the order of 1-propanol < 2-propanol < ethanol < methanol in their aqueous mixtures. The solutes eluted faster with an increase in the hydrophobicity of the alkyl groups of alcohols. Concerning the other solvents, BB was eluted in the order of AN < 1,4-dioxane < THF for the mixed solvents. In order to elucidate the solvent effects on the elution of solutes for all of the solvent mixtures, we further took into account the solvent polarity, preferential solvation, hydrogen bonding of water and solvent cluster.
Polarities of mixed solvents
The ET N value, which is an empirical parameter of solvent polarity, was taken into account to elucidate the elution mechanism for the RPLC using various mixed solvents. The ET N value is an indicator of the acceptability of solvents. 8 Therefore, water and alcohols show high ET N values. Actually, the ET N values of pure solvents were 1.00, 0.76, 0.65, 0.62, 0.55, 0.49, 0.22 and 0.18 for water, methanol, ethanol, 1-propanol, 2-propanol, AN, THF and 1,4-dioxane, respectively. However, the magnitude of the ET N values of the pure organic solvents cannot explain the elution order of the solutes. Therefore, the ET N values of the mixed solvents were measured at different mole fractions of the organic solvent used for RPLC (Fig. 3) . The ET N values of the mixed solvents decreased along with an increase in the mole fraction of organic solvents. The ET N value is remarkably decreased for aqueous mixtures of THF, 1,4-dioxane, 1-propanol or 2-propanol at about 0.2 of Xorg. The ET N values of pure 1-propanol (0.62) and pure 2-propanol (0.55) are larger than that of pure AN (0.49). However, the ET N value of aqueous mixed solvents of 1-propanol or 2-propanol is lower than that of AN.
The retention factor of BB increased with an increase in the ET N values of mixed solvents. The results, however, are not correlated well to the solvent polarities for all mixed solvents. The behavior is roughly divided into four groups: (1) 1,4-dioxane and THF, (2) 1-propanol and 2-propanol, (3) ethanol and (4) methanol and acetonitrile. Each group would imply a similarity to the elution power.
Preferential solvation in mixed solvents
Mixed solvents are mixed homogeneously, but solvents are not homogeneous at the microscopic level, as observed by Xray diffraction and small-angle neutron-scattering measurements, etc. [9] [10] [11] Mixed solvents aggregate with the same molecules and form microscopic solvent clusters. Therefore, when a solute is dissolved in mixed solvents, it is preferentially solvated by given solvent molecules composing the mixed solvents. 12 For example, ET(30) in aqueous mixed solvents is preferentially solvated by water molecules that are supported by the highest ET N value of water. In Fig. 4 , the difference in the observed ET N values of mixed solvents and the values of (XwET 
IR spectra
The IR spectra of aqueous mixtures were measured at different mole fractions of the organic solvents used for RPLC to understand the effect of the solvents on the elution of solutes. Figure 5 shows the IR spectra of mixed solvents of AN and water containing 10% D2O at different mole fractions of AN at 2000 to 2800 cm -1 . The large broad absorption band observed at 2400 to 2700 cm -1 is attributed to the O-D stretching mode of HDO. The two sharp peaks are assigned to the C≡N stretching mode (2257 cm -1 ) and both CH3 bending and C-C stretching modes (2295 cm -1 ) of AN, respectively.
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The wavenumber for the O-D stretching mode of the mixed solvents is plotted against the mole fraction of the organic solvent in Fig. 6 . The wavenumber increases significantly with an increase in Xorg for AN-water and 1,4-dioxane-water, and the slopes for THF-water and 1-propanol-water are comparable to AN-water and 1,4-dioxane-water. The large increase in the wavenumber indicates the strengthened O-D bond of the water molecule. This is due to a decrease in the number of hydrogen bonds between adjacent water molecules, caused by destruction of the water structure by the addition of organic solvents. On the other hand, the strength of the O-D bonding for methanol-water and ethanol-water mixtures slightly increased with an increase in the mole fraction of methanol or ethanol. The addition of methanol or ethanol formed hydrogen bonds between the methanol or ethanol molecules and water.
From the above results, the coexistence of AN, 1,4-dioxane, THF, 1-propanol strongly breaks the hydrogen bonding among water molecules, resulting in an increase of the elution rate compared to methanol and ethanol. Another reason for the fast elution for 1-propanol and 2-propanol is ascribed to the destruction of hydrogen bonding of water molecules by large alkyl groups. Therefore, the destruction of water structure leads to the fast elution of solutes.
Solvent cluster
We have studied the solvent structures of mixed aqueous solutions of AN, 1,4-dioxane and THF by X-ray diffraction, large-angle X-ray scattering, small neutron scattering, IR and NMR methods. [9] [10] [11] From the results, we have suggested the formation of solvent clusters (microheterogeneity) in aqueous mixed solvents. In the same mole fraction, the solvent clusters are easily formed in the order of AN < 1,4-dioxane < THF. The formation of the solvent clusters makes the elution of solutes fast, because the preferential solvation of the organic solvent clusters to the solutes is favorable for elution. 12 
Analysis of benzoates in clove
Benzoic esters in commercial clove were analyzed by RPLC with a methanol-water mixture (60:40%, v/v) or an AN-water mixture (50:50%, v/v). The chromatograms are shown in Fig.  7 . MB and EB were found to be 4.43 ± 0.07 and 1.44 ± 0.01 %(g/g) in the clove when a methanol-water mixture (60:40%, v/v) was used as an eluent, respectively. Similarly, MB and EB were 4.55 ± 0.09 and 1.48 ± 0.06% (g/g) for an AN-water mixture (50:50%, v/v), respectively. 
